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The Src family of nonreceptor tyrosine kinases has been implicated in many signal transduction pathways. However, due
to a possible functional redundancy in vertebrates, there is no genetic loss-of-function evidence that any individual Src
family member has a crucial role for receptor tyrosine kinase (RTK) signaling. Here we show that an extragenic suppressor
of Raf, Su(Raf)1, encodes a Drosophila Src family gene Src42A. Characterization of Src42A mutations shows that Src42A
acts independent of Ras1 and that it is, unexpectedly, a negative regulator of RTK signaling. Our study provides the first
evidence that Src42A defines a negative regulatory pathway parallel to Ras1 in the RTK signaling cascade. A possible model
for Src42A function is discussed. © 1999 Academic PressKey Words: Src42A; Ras; RTK.INTRODUCTION
Receptor tyrosine kinases (RTKs) regulate diverse biologi-
cal processes by stimulating intracellular signaling path-
ways. The activated receptors relay signals to downstream
components via autophosphorylated tyrosine residues on
their cytoplasmic tails (Schlessinger and Ulrich, 1992).
Recognition of these phosphotyrosine residues is specific
and is largely mediated by Src homology 2 (SH2) domains.
The SH2 domain, initially characterized in c-Src, is present
on a large number of signaling molecules (Pawson, 1995).
Thus, an activated RTK recruits and activates many down-
stream factors through phosphotyrosine docking sites
(Kazlauskas, 1994). Interestingly, all RTKs studied so far
bind directly or indirectly to the SH2-containing adaptor
protein Grb2 (Drk/Sem-5). This results in the activation of
the Ras guanine nucleotide exchange factor Sos through
Grb2–Sos complex formation. Activated Sos in turn cata-
lyzes the formation of Ras–GTP which binds Raf to turn on
the sequential activation of three protein kinases, Raf, Mek
(Mapk kinase), and Mapk, in the highly conserved protein
phosphorylation cascade (Egan and Weinberg, 1993).
While the signaling role of Grb2–Sos is well defined,
RTKs also recruit other SH2-containing proteins whose
roles are much less understood. Three widely expressed Src
family of nonreceptor tyrosine kinases, c-Src, Fyn, and Yes,
have been shown to directly associate, via their SH2 do-
mains, with activated PDGF and CSF-1 RTKs (Kypta et al.,
1990; Courtneidge et al., 1993). Although these associations
0012-1606/99 $30.00
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All rights of reproduction in any form reserved.result in the activation of these kinases, there is as yet no
genetic loss-of-function evidence that supports a role of
these kinases in RTK signaling. In double-knockout mice
lacking two of the three Src family kinases, embryonic
development is normal despite the prominent expression of
all three Src family genes at embryonic stages (Stein et al.,
1994). Some Src double-knockout combinations such as
c-Src2 Fyn2 double knockout result in lethality shortly
after birth, yet no obvious cellular defect such as aberrant
cell proliferation was found to be the cause of lethality
(Stein et al., 1994). Mutant mice lacking all three kinases
have not yet been made to rule out a possibility of func-
tional redundancy among these proteins. Because physio-
logical alterations that occurred in the Src double-knockout
mice are not well understood, our understanding of the
biological function of Src kinases is still limited to what
was extrapolated from expression of activated forms of
these kinases (Brown and Cooper, 1996). For example, v-Src,
derived from mutated c-Src, is a constitutively activated
kinase that shows oncogenic activity. In mice deficient for
the inhibitory kinase of Src kinases, Csk (C-terminal src
kinase), the kinase activity of c-Src was increased to a level
similar to that of v-Src (Nada et al., 1993). Several other Src
family kinases were also activated in the mutant mice.
However, cells derived from the Csk-deficiency embryo
showed neither tumorigenic activity in nude mice nor
enhanced proliferation in culture (Nada et al., 1993).In a previous genetic screen, we isolated dominant sup-
pressor mutations that rescue the lethality of Drosophila
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234 Lu and LiRafC110, a mutation in Raf that disrupts its binding with
as1 (Lu et al., 1994). RafC110 is lethal but has a substan-
ially weaker phenotype than a Raf-null mutation (Melnick
t al., 1993). This is due to in part the presence of Ras1-
ndependent components that activate Raf (Hou et al.,
995). It has been shown that the Torso RTK can activate
ild-type Raf in the complete absence of Ras1, presumably
ia a branch pathway parallel to Ras1 (Hou et al., 1995).
ammalian Raf1 carrying the fly RafC110 point mutation
can no longer be activated by Ras but can still be activated
by v-Src, providing evidence for a Ras-independent mecha-
nism of activating the Mapk signaling cascade (Fabian et al.,
1994).
Other evidence for the presence of a Ras1-independent
pathway(s) came from the analysis of several intragenic
suppressors of RafC110. These intragenic suppressors are
viable due to a second-site mutation in RafC110 (Lu et al.,
1994). Surprisingly, these compensatory mutations do not
restore the Ras1–Raf interaction that was originally dis-
rupted by the C110 mutation (Perrimon et al., 1995; Hou et
al., 1995). This implies that a lack of Ras1–Raf interaction
could be compensated for by an increased affinity for
components of the Ras1-independent pathway(s). In this
paper, we show that an extragenic suppressor of RafC110,
Su(Raf)1, encodes Drosophila Src42A (previously referred
to as Dsrc41 by Takahashi et al., 1996). Our genetic
analyses show, however, that the normal function of
Src42A is to repress (rather than enhance) RTK signaling.
When Src42A gene activity is reduced, RTK signaling is
elevated even in embryos lacking the Ras1 protein. This
suggests that Src42A is a negative regulator of RTK signal-
ing and it acts via a pathway parallel to Ras1. We speculate
that we have uncovered a novel negative regulatory path-
way in Drosophila that may have a parallel in other higher
organisms.
MATERIALS AND METHODS
Genetics of Su(Raf)1
Fly genetics were performed according to standard procedures.
Chromosomes and mutations that are not described in the text can
be found in Lindsley and Zimm (1992). Su(Raf)1 was isolated as an
extragenic suppressor mutation that suppressed the lethality asso-
ciated with RafC110 (Lu et al., 1994). RafC110 is X-linked; (RafC110/Y;
/1) males do not live, but [RafC110/Y; Su(Raf)1/1] males are viable
nd fertile. Su(Raf)1 homozygotes do not hatch from eggs, whereas
ome Su(Raf)1/Df(2R)nap9 mutants hatch and die as first-instar
arvae. Subsequently, six Su(Raf)1 alleles were identified based on
enetic noncomplementation with the original Su(Raf)1 suppressor
llele. Because Src42A cDNA expressed from ubiquitous promoters
escued the lethality associated with all Su(Raf)1 alleles, including
Su(Raf)1 homozygotes (see Rescue Constructs below), Su(Raf)1
was renamed Src42ASu(Raf)1 (Table 1). A summary of all Src42A
lleles is shown in Table 1.
Copyright © 1999 by Academic Press. All rightCloning of Genomic DNA Flanking P Insertions
Genomic DNA fragment flanking the lethal P element insertion
l(2)K10115 was cloned as a PCR-amplified product (1 kb; 1X7 in
Promega pGEM-T vector) between P-element end primers and a
universal primer. The P-element end primers were made as three
nested primers (P-primer, P-nested-1, and P-nested-2) that can be
used for three consecutive amplifications in order to enrich for
DNA flanking the P-element end. The P-primer was the 31-bp
inverted repeat sequence of P element (O’Hare and Rubin, 1983).
The P-nested-1 was the 24-nucleotide sequence immediately up-
stream of the 31-bp repeat. The P-nested-2 was the 24-nucleotide
sequence immediately upstream of the P-nested-1 sequence. The
universal primer had the following sequence: 59-[M13 forward
primer sequence]-[8 random nucleotides]-[6-nucleotide restriction
site]-39. For example, Uni-Xba primer has the sequence 59-[M13
forward 1 8N 1 TCTAGA]-39. Uni-Xba primer preferentially
nneals to appropriate DNA sequences with XbaI sites. Genomic
NA flanking the lethal P-element insertion l(2)k10108 was
loned by plasmid rescue using EcoRI. DNAs flanking both P
nsertions hybridized to a genomic DNA fragment C-2.05-kb (see
rc42A Genomic Structure).
Src42A Genomic Structure
The 33-kb Src42A gene spans two overlapping cosmids, C2 and
7 (gifts from M. I. Kuroda), derived from the Tamkun (iso-1)
enomic cosmid library (Tamkun et al., 1992). The gene, as
nterconnecting EcoRI fragments (A, B, . . ., O) is in the following
rder: A, 0.52 kb; B, 0.54 kb; C, 2.05 kb (exon 1); D, 0.95, kb; E, 1.15
b; F, 0.49 kb; G, 2.2 kb (exon 2); H, 3.8 kb; I, 3.0 kb; J, 1.1 kb; K,
.4 kb; L, 1.7 kb; M, 5.2 kb; N, 2.0 kb (exons 3,4,5); and last O, 7.0
b (exons 6,7,8,9,10). The exon–intron junctions were determined
y hybridization and DNA sequencing and all information will be
rovided upon request. A 1.9-kb EcoRI–KpnI subclone derived from
he 59 portion of the genomic fragment O contains exons 6 to 10,
hich encode the entire kinase domain.
Rescue Constructs
P(Up-Src42A) allows the transcription of Src42A cDNA in a
constitutive, tissue-independent manner under the control of the
Drosophila polyubiquitin promoter (Up) (Heck et al., 1993). The Up
fragment used was a 2-kb PstI–NcoI fragment derived from vector
Pwum2, in which the NcoI site contained the ubiquitin initiation
codon (Heck et al., 1993). To clone Src42A in frame, the Src42A
coding region was amplified by PCR as a 1.57-kb NcoI–EcoRI
fragment (verified by DNA sequencing), in which the engineered
NcoI site contained the Src42A initiation codon and the EcoRI site
was located at 12 bp following the stop codon in the Src42A cDNA.
The Up promoter fragment (2 kb, PstI–NcoI) was joined with the
Src42A coding region (1.57 kb, NcoI–EcoRI) at the NcoI site to
produce Up-Src42A. Up-Src42A was then placed in front of the
actin5C poly(A) region, which was derived from vector pCaSpeR-
hs-act (C. Thummel, personal communication). The cutting and
pasting of Up-Src42A-actin5C involved several intermediate clon-
ing steps in Bluescript II KS1/2 vector (Stratagene). Finally, a
4.4-kb XbaI–PstI fragment containing Up-Src42A-actin5C poly(A)
was cloned into a P-element transformation vector pCaSpeR4 to
generate P(Up-Src42A).
The heat-shock construct P(hs-Src42A) was made by ligating a
Src42A cDNA (2.8 kb, EcoRI–EcoRI) into the EcoRI site of the
pCaSpeR-hs vector. The heat-shock construct P(hs-c-Src) was made
s of reproduction in any form reserved.
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235Negative Regulation by Src42Aby ligating a 1.6-kb EcoRI–BglII c-Src cDNA (MacAuley and Coo-
er, 1989) into the pCaSpeR-hs vector cut by EcoRI and BglII.
ransgenic flies carrying these rescue constructs were made ac-
ording to the standard P-element transformation protocol. Trans-
enes located on the third or X chromosome, P(Up-Src42A)5.107,
(Up-Src42A)5.33, P(hs-Src42A)22.1, P(hs-Src42A)22.3, P(hs-c-Src)6B,
and P(hs-c-Src)22C, were used to rescue Su(Raf)1 mutants in stan-
ard genetic crosses.
Mitotic Clones in the Female Germ Line and Eye
Src42A homozygotes lacking both the maternal and the zygotic
rc42A1 activity were generated by crossing heterozygous females
carrying the Src42A homozygous mutant germ line to heterozy-
gous males. Since there is currently no P(FRT) inserted at a position
proximal to Src42A on the right arm of the second chromosome
(2R), Src42A germ-line clones were generated via X-ray-induced
TABLE 1
Src42A Alleles and Their Characteristics
Allele Selection
Recessive
lethality
Supp
RafC
Src42ASu(Raf) 1 Suppression
of RafC110
lethality
EL
Src42A15-1 LL
Src42A18-2 LL
l(2)k10115 LL
l(2)k10108 LL
Src42A1.15 Failure to
complement
LL
rc42A7-4 Src42ASu(Raf)1 EL
Src42A9-4 lethality LL
f(2R)nap8
f(2R)nap9
Df(2R)nap1
Df(2R)bwvDe2LCy2R
Note. Su(Raf)1 and l(2)7-4 were renamed Src42ASu(Raf)1 and S
eteroallelic combinations of Src42A mutations over each other o
orphology, and tracheal necrosis. The differences among these al
ignaling mutations. Src42ASu(Raf)1 and Src42A7-4 are the only two
deletions of Src42A do not suppress the lethality of RafC110. Howeve
the rough-eye phenotype of both sev-Ras1V12 and sev-Raftor4021. The
he sev-Raftor4021 used was the BT-98 insertion (Dickson et al.,
emperature). “Yes” indicates that an enhancement of the rough-ey
bvious difference was observed. “Not sure” indicates uncertainty
f the interaction with sev-Ras1V12, the allelic series from stronges
f(2R)nap8 . Src42A9-4 . Src42A1.15. Src42A1.15, the weakest allele,
ere induced by EMS except the P-element alleles. Src42A15-1 cont
FG motif of kinase subdomain VII to an N residue. Molecular les
et been mapped. Abbreviations used: EL, embryonic lethal; LL, fir
Zhang et al., 1998; (3) Torok et al., 1993; (4) this work; (5) R. Kreb
a Lethality was observed in double heterozygotes carrying Src42
8°C).
—?
??
?
?
?
??
??—mitotic recombination in the presence of a dominant female sterile
(DFS) mutation P(w1, OvoD1)32 3 9 on 2R (Hou et al., 1995). Briefly, S
Copyright © 1999 by Academic Press. All rightfirst-instar larvae progeny from a cross between Src42A/CyO
females and P(w1, OvoD1)32 3 9/CyO males were irradiated with
1000 rads of X ray. Under this condition, ;1.2% of the resulting
CyO1 female progeny carried the germ-line clones and laid eggs.
The mosaic females were crossed to Src42A/CyO males; 50% of
the resulting progeny were viable and the remaining 50% of
progeny showed head and tail defects with a severity similar to that
of the regular zygotic mutants. This result was consistently ob-
tained using four alleles, Src42ASu(Raf)1, Src42A15-1, Src42Al(2)k10108,
nd Src42Al(2)k10115 (Table 1).
To observe the phenotype of Src42A homozygous clones in the
ye, mitotic clones were induced by 3000 rads of X ray in flies of
enotype w; Src42A 1/1 P[ry1; w1]47A at the first-instar larval
tage. Clones of Src42A-homozygous cells in the eye were recog-
ized as white patches amid the red background due to eye
igments made from the P[ry1; w1]47A transgene. These mosaic eyes
were sectioned using the method of Tomlinson and Ready (1987) to
ion of
hality
Enhancement
of sev-Ras1V12
Enhancement
of sev-Raftor4021 References
Yesa Yesa (1)
Yes Not sure (2)
Yes Yes
ND ND (3)
ND ND
No No (4)
Yes Yes (5)
ND No
Yes Yes (6)
Yes Yes
Yes ND
Yes Yes
7-4, respectively. All Src42A alleles are recessively lethal. All
r Df(2R)nap9 show similar zygotic defects in head involution, tail
only became obvious from the way they interact with other RTK
s that suppress the lethality of RafC110. The remaining alleles or
e majority of Src42A alleles, including Src42A deletions, enhanced
Ras1V12 used was CR2, T2B, or Hc7 insertion (Karim et al., 1996).
), which appears to be cold sensitive (rougher eyes at a lower
enotype was observed at either 18 or 22°C. “No” indicates that no
whether there was any change in the eye phenotype. On the basis
weakest is Src42ASu(Raf)1 and Src42A7-4 . Src42A18-2 . Src42A15-1 .
enerated by imprecise P excision from l(2)K10115. All other alleles
a missense mutation that changes the D amino acid residue in the
in Src42ASu(Raf)1, Src42A7-4, and other EMS-induced alleles have not
star larval lethal; ND, not done. References: (1) Lu et al., 1994; (2)
d B. Ganetzky, unpublished; and (6) Kernan et al., 1991.
af)1 and sev-Ras1V12 or Src42ASu(Raf)1 and sev-Raftor4021 (especially atress
110 let
Yes
No
No
No
No
No
Yes
No
No
No
No
No
rc42A
r ove
leles
allele
r, th
sev-
1992
e ph
as to
t to
was g
ains
ions
st-in
er anobserve the underlying cellular structure. Inside the Src42ASu(Raf)1 or
rc42A15-1 clones, all ommatidia had the normal photoreceptor
s of reproduction in any form reserved.
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236 Lu and Licomplements. Scanning electron micrographs of eye surface view
followed procedures described in Zhang et al. (1998).
RESULTS
Su(Raf)1 Encodes Src42A
Figure 1A shows the genetic and molecular map at the
Su(Raf)1 locus. Su(Raf)1/1 heterozygotes have no detect-
FIG. 1. (A) Genetic and molecular map of the Su(Raf)1 locus. Th
42A1-2 to 42A7-10. The Su(Raf)1 locus was mapped to a single
Df(2R)nap8, and Df(2R)bwvDe2LCy2R (Kernan et al., 1991; horizontal
are shown, “1” for complementing and “2” for failing to complem
9 introns and spans approximately 33 kb of DNA in two overlappin
and l(2)K10108 inserted in the 59 UTR. Exon 1 is approximately 0.
Actin42A. (B) Genomic DNAs from a wild-type strain Oregon-R (O
CyO, and an EMS-induced Src42A allele, Src42A18-2/CyO were a
ybridized with the 1.9-kb EcoRI–KpnI fragment which encodes th
hich does not affect Src42A function since it is located outside of
due to a polymorphism. The CyO chromosome is detected as a larg
chromosome is detected as a 5.9-kb band. Note that no hybridizing
42E5 6-F1.able phenotypes, whereas Su(Raf)1 homozygotes and
Su(Raf)1/Df flies are lethal. Subsequently, six additional
2
s
Copyright © 1999 by Academic Press. All rightlleles of Su(Raf)1 were identified based on failure to
omplement Su(Raf)1 for viability (Table 1). A noncomple-
enting allele identified from preexisting lethal mutations
n the region, l(2)7-4 (R. Kreber and B. Ganetzky, unpub-
ished), also suppressed the lethality of RafC110, suggesting
that the suppression of RafC110 is not a background effect.
Consistent with this, both the recessive lethality and the
dominant suppressor activity associated with Su(Raf)1 map
o a single locus located at 55.8 6 0.2 cM on chromosome
42B
line represents a portion of chromosome 2R from polytene band
us within 42A1-4 as defined by the breakpoints of Df(2R)nap9,
s represent the deleted regions). Results of complementation tests
u(Raf)1. The gene is diagrammed with 10 exons (ORF is filled) and
smid clones C2 and C7. Two vertical arrows represent l(2)K10115
away from the maleless gene; exon 10 is less than 2 kb away from
yO-balanced deficiency stocks, Df(2R)nap8/CyO and Df(2R)nap9/
zed on an EcoRI-digested genomic Southern blot. The blot was
ire kinase domain and detects the In(2R)Cy inversion breakpoint,
RF (A). The OR chromosome is detected as two hybridizing bands
d (7.5 kb) due to the In(2R)Cy breakpoint it carries. The Src42A18-2
al is detected from chromosomes missing a region from 41D1-2 toe top
loc
line
ent S
g co
6 kb
R), C
naly
e ent
the O
er banR at 0.26 cM proximal to P(FRT) insertion at 42B. A
eries of chromosome deficiencies around 42B was used to
s of reproduction in any form reserved.
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237Negative Regulation by Src42Adetermine the cytological location of Su(Raf)1. Three defi-
ciencies, Df(2R)nap9 (missing 42A1-2 to 42E5 6-F1),
Df(2R)nap8 (missing 41D1-2 to 42A3-7), and Df(2R)bwvDe2LCy2R
(missing 41A-B to 42A2-4), failed to complement all
Su(Raf)1 alleles for viability (breakpoint information; Ker-
an et al., 1991). Thus, either a part of, or the entire,
Su(Raf)1 locus is contained within the chromosome inter-
val from 42A1-2 to 42A2-4, which was commonly deleted
by the deficiencies.
Two P-element lethal insertions located in the 42A1-4
interval, l(2)K10115 and l(2)K10108 (Torok et al., 1993;
Berkeley Genome Project), were found to be allelic to
Su(Raf)1. Excision of these P insertions restored the
complementation with Su(Raf)1, suggesting that the P
insertions are the cause of lethality. Molecular analyses
showed that the P elements were inserted into the 59
untranslated region (UTR) of Src42A (Fig. 1A). We charac-
terized the genomic organization of Src42A, which is ap-
proximately 33 kb in size and contains 10 exons. The
transcription unit of Src42A is closely flanked by maleless
and Actin42A (Fig. 1A). All introns are small (61 to 4.3 kb),
except intron 2, which is approximately 16 kb. To rule out
the possibility that intron 2 may carry a separate gene, we
generated a small deletion in the 59 UTR by P-element-
induced imprecise excision. This deletion, which removes
the first 2 exons, but retains intron 2 mostly intact, was
found to be lethal over the original Su(Raf)1 allele. To test
whether Src42A encodes the wild-type Su(Raf)11 activity,
rc42A cDNA was cloned behind the polyubiquitin pro-
oter (Heck et al., 1993) to produce P(Up-Src42A) trans-
enic lines that express Src42A ubiquitously in virtually all
ells. Four P(Up-Src42A) lines were able to rescue the
ecessive lethality associated with all Su(Raf)1 alleles,
ncluding that of Su(Raf)1 homozygotes. Therefore,
u(Raf)1 encodes Src42A. Su(Raf)1 and l(2)7-4 are referred
to as Src42ASu(Raf)1 and Src42A7-4, respectively, in later text.
Src42A differs from the previous published Dsrc41 (Ta-
kahashi et al., 1993) by only 1 amino acid residue (AGC for
Val65 in Dsrc41; GCC for Ala65 in Src42A). Genomic South-
rn showed that there was only one Src gene in the polytene
41-42 region (Fig. 1B). Thus Src42A is the same gene as
Dsrc41, which was misplaced by polytene in situ hybrid-
ization. Src42A is most related to the Src family of nonre-
ceptor tyrosine kinases because it has most of the hall-
marks of this family (except one): the N-terminal
myristylation site, SH3 and SH2 domains, the autophos-
phorylation site (Tyr-416 in chicken Src), and the
C-terminal negative regulatory site (Tyr-527). The one
exception is that instead of having the RAA or RSA motif
characteristic of the Src family, Src42A has the AAR motif
following the HRDL sequence of kinase subdomain VI. The
AAR motif is usually found in the Csk, Abl, and Btk
families of nonreceptor tyrosine kinases (Superti-Furga and
Courtneidge, 1995). Thus Src42A may have different sub-
strate specificity since this region affects catalysis and
phosphorylation specificity (Superti-Furga and Court-
neidge, 1995). Interestingly, despite the highest overall
Copyright © 1999 by Academic Press. All rightamino acid identity to c-Src (54.5%), expression of the
vertebrate c-Src cDNA (MacAuley and Cooper, 1989) from
the Hsp70 promoter failed to rescue the lethality of the
weakest, Src42A1.15, allele. This Src42A1.15 allele could be
rescued readily by Src42A cDNA driven by the same
promoter. This suggests that Src42A and c-Src may have
disparate mechanisms of action in their respective organ-
isms. This is not surprising since the tyrosine residue
phosphorylated by v-Src in mammalian Raf1 is not con-
served in the fly Raf protein.
Src42A Negatively Regulates Egfr RTK Signaling
during Oogenesis
Src42ASu(Raf)1 and Src42A7-4 are the only two alleles that
suppress the lethality of RafC110. However, other Src42A
lleles and deletions of the gene, Df(2R)nap 8 and
Df(2R)nap9 (Fig. 1), dominantly enhanced RTK signaling
nder less stringent conditions. During oogenesis, signaling
rom the Drosophila EGF receptor (Egfr) specifies the
orsal–ventral pattern of the egg shell (Queenan et al.,
997). Wild-type egg shells have two dorsal appendages (Fig.
A). In contrast, 94% of the eggs laid by the viable Ras11x12a/
Ras1D38N mutant females had one fused appendage due to
educed Egfr signaling by the Ras1 mutations (Fig. 2B;
chnorr and Berg, 1996). The percentage of one-appendage
ggs was reduced to 20 and 62% among eggs laid by
rc42A15-1/1; Ras11 3 12a/Ras1D38N and Df(2R)nap8/1; Ras11 3 12a/
Ras1D38N females (Fig. 2C), respectively. Src42A15-1 contains
a missense mutation that changes the D amino acid residue
in the DFG motif of kinase subdomain VII to an N
residue. Since this D residue is involved in the binding of
substrate ATP (Taylor et al., 1988), Src42A15-1 is likely to
encode an inactive kinase. These results suggest that a 50%
FIG. 2. Src42A negatively regulates Egfr signaling during oogen-
sis and wing vein formation. Eggs derived from wild-type (A),
as11x12a/Ras1D38N (B), Df(2R)nap8/1; Ras11 3 12a/Ras1D38N (C), and
Src42A7-4/1 (D) females are shown. The anterior is up. Wings from
ild-type (E), SosAM14/SosX122 (F), and SosAM14 Src42A7-4/SosX122 1 (G)
ies are shown. Arrows point to the suppression of wing-vein loss
y Src42A7-4.reduction of Src42A gene dosage or kinase activity, al-
though not enough to suppress the lethality of RafC110,
s of reproduction in any form reserved.
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238 Lu and Licauses an enhancement of Egfr signaling in the Ras11 3 12a/
Ras1D38N genetic background in which Ras1 function is
ompromised. To support this, 10% of the eggs laid by
rc42A7-4/1 females were completely dorsalized (Fig. 2D),
suggesting an increase in Egfr signaling in the heterozygous
females.
Src42A Negatively Regulates RTK Signaling
in the Eye
Egfr RTK signaling is necessary for the recruitment of all
cell types in the eye: the photoreceptor, cone, and pigment
cells (Freeman, 1996). The differentiation of the R7 photo-
receptor cells requires additionally the activation of the
Sevenless (Sev) RTK in the R7 precursor cells. Mutations
such as RafC110 that reduce RTK signaling levels cause eye
defects that can be observed in the pharate adults. These
mutant eyes usually contain fewer numbers of ommatidia
due to reduced cell proliferation of the eye imaginal discs
(Fig. 3B). In addition, the eye surface is rough due to the
formation of disorganized ommatidial arrays and the miss-
ing of the outer (R1–6) and inner R7 photoreceptor cells
(Fig. 3B). All these aspects of the rough-eye phenotype of
RafC110 were suppressed in RafC110/Y; Df(2R)nap8/1 pharate
dults (Fig. 3C versus 3B) although their viability was not
estored. The eye derived from RafC110/Y; Df(2R)nap8/1
harate males contained increased numbers of ommatidia
hat appeared more organized, and the average number of
7 cells was increased to 0.4 R7 cells per ommatidium from
.12 R7 cells per ommatidium in the RafC110/Y eye. The eye
derived from the viable RafC110/Y; Src42ASu(Raf)1/1 flies had
higher average of R7 cells (0.57 R7 cells per ommatidium).
This suggests that Src42ASu(Raf)1 is a stronger suppressor than
f(2R)nap8, but the two alleles differ quantitatively rather
than qualitatively. In addition to RafC110, one copy of
Src42ASu(Raf)1 also suppressed the rough eye phenotypes
caused by partial loss-of-function Dsor1XS520 (Mek) (Fig. 3I
ersus 3H) and SosX122/SosAM14 (Ras1 guanine nucleotide
exchange factor) mutations (not shown). In these two cases,
there were obvious increases in the ommatidial number and
organization of the eyes, but the increases in R7 cells per
ommatidium were not as great as in the case of RafC110 (Fig.
3 legend).
Expression of constitutively activated Ras or Raf from
sev-Ras1V12 or sev-Raftor4021 transgene in cells of the R7
equivalence group causes a rough-eye appearance due to the
formation of disorganized ommatidial arrays and supernu-
merary R7 cells (Fig. 3D; Fortini et al., 1992; Dickson et al.,
1992). The degree of eye roughness is sensitive to changes in
RTK signaling level (Karim et al., 1996). The majority of
Src42A alleles, including the gene deletions, strongly en-
hanced the rough-eye phenotype caused by sev-Ras1V12
(Figs. 3E and 3F versus 3D) as well as sev-Raftor4021 (Table 1)
ith increased numbers of supernumerary R7 cells (see Fig.
legend). To rule out genetic background effects, we testedour overlapping Src42A deficiencies of different parental
rigins, all of which enhanced the rough-eye phenotype of
s
S
Copyright © 1999 by Academic Press. All rightev-Ras1V12 (Table 1). Saturation mutagenesis within the
egion commonly deleted by these deficiencies (42A1-4)
ndicated the presence of three other essential genes (R.
reber and B. Ganetzky, unpublished). Mutations in these
hree genes did not show any detectable rough-eye-
nhancing effect on sev-Ras1V12 or sev-Raftor4021 when tested
individually (not shown). Therefore, the rough-eye-
enhancing effect observed for the deficiency chromosomes
is likely due to a 50% reduction of Src42A gene dosage. The
wo Src42A alleles, which suppress the lethality of RafC110,
FIG. 3. Src42A negatively regulates RTK signaling during eye
development. Scanning electron micrographs of eyes from males
reared at 22°C. The severity of eye roughness was compared
between sibling classes that differed only with respect to the
second chromosome where Src42A is located. The average num-
bers of R7 cells per ommatidium are shown in the parentheses. The
genotypes of the flies are: (A) wild-type (1.0 R7 per ommatidium;
n 5 510), (B) RafC110/Y (0.12 R7 per ommatidium; n 5 451), (C)
RafC110/Y; Df(2R)nap9/1 (0.4 R7 per ommatidium; n 5 472), (D)
ev-Ras1V12/1 (2.1 R7 per ommatidium; n 5 457), (E) Df(2R)nap8/1;
sev-Ras1 V 1 2 /1 (3.5 R7 per ommatidium; n 5 502), (F)
Src42ASu(Raf)1/1; sev-Ras1V12/1 (R7 cell number could not be accu-
rately determined due to severe ommatidial disorganization), (G)
Src42ASu(Raf)1/P(Up-Src42A)E12.6; sev-Ras1V12/1 (2.3 R7 per omma-
idium; n 5 523), (H) Dsor1XS520/Y (0.3 R7 per ommatidium; n 5
75), and (I) Dsor1XS520/Y; Src42ASu(Raf)1/1 (0.42 R7 per ommatidium;
n 5 510). Src42A mutations also enhanced the eye roughness
caused by sev-Raftor4021 (Table 1).howed stronger rough-eye-enhancing effect than the
rc42A deletion (compare Fig. 3F with Fig. 3E). However,
s of reproduction in any form reserved.
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ameliorated the enhancing effect of both Src42ASu(Raf)1 (Fig.
3G) and the gene deletion (not shown). These results
suggest that the reductions of wild-type Src42A activity
enhance Ras/Raf signaling in the eye. However, mitotic
clones of Src42ASu(Raf)1 or Src42A15-1 homozygous cells in the
eye in otherwise wild-type genetic background did not
produce extra photoreceptor cells as did sev-Ras1V12 (not
shown). Thus Src42A does not appear to dramatically alter
RTK-mediated levels when mutated alone. An analogous
observation has been shown for Kinase suppressor of Ras-1
(ksr-1) in Caenorhabditis elegans (Sundaram and Han,
1995).
Src42A Negatively Regulates RTK Signaling in
Other Somatic Tissues
Expression of activated Ras1V12 or Raftor4021 in most somatic
tissues of the fly causes lethality. The reason flies carrying the
sev-Ras1V12 transgene are viable is because the sev promoter is
predominantly active in cells of the R7 equivalence group in
the eye that is not required for viability. However, the sev-
Ras1V12 transgene also causes a low level of leaky expression
in other somatic tissues. This low level of cytotoxicity asso-
ciated with the sev-Ras1V12 and sev-Raftor4021 transgenes was
nhanced in Src42A genetic backgrounds. For example, the
ajority of the double heterozygotes of genotype Src42ASu(Raf)1/
ev-Ras1V12 or Src42ASu(Raf)1/sev-Raftor4021 died as pupae (espe-
cially so at 18°C), suggesting that Src42A acts in somatic
tissues outside of the eye. Consistent with this, the lost of
wing veins caused by mutations in Sos (Fig. 2F) were partially
recovered in Src42A7-4/1; Sos flies (arrows in Fig. 2G), suggest-
ng that the Src42A mutation elevated Egfr signaling during
ing-vein formation. These results suggest that Src42A nega-
ively regulates RTK signaling in many different tissues.
The Phenotypes Associated with Src42A
Src42A is expressed ubiquitously in the embryo and
central nervous system (CNS) (Takahashi et al., 1996). All
heteroallelic combinations of Src42A mutations over each
other or over Df(2R)nap9 showed similar zygotic defects in
head involution and tail morphology (Fig. 4B), but no CNS
defect was detected. Zygotic mutants of most Src42A allelic
combinations (except Src42ASu(Raf)1 and Src42A7-4 homozy-
gotes) hatched from eggs as first-instar larvae (Table 1). The
tracheal branches of these larvae were not filled with air
(Fig. 4F versus 4E). Despite the head defect, the mutant
larvae fed normally for several days but showed no sign of
growth. They eventually died of a progressive tracheal
necrosis as indicated by brownish coloration that began at
the late embryogenesis and culminated at the first-instar
larval stage. Src42ASu(Raf)1 and Src42A7-4 homozygotes that
died before hatching also had necrotic tracheal systems.
Early tracheal development was normal (not shown).Cell fate choice at the embryonic termini requires Torso
(Tor) RTK signaling (Perrimon et al., 1995). Tor RTK i
Copyright © 1999 by Academic Press. All rightsignaling leads to the expression of the transcription factors
tailless (tll) and huckebein (hkb), which in turn determine
terminal cell fates. Even though Src42A zygotic mutants
had morphologically abnormal head and tail, no specific
terminal structures were deleted and tll and hkb expres-
ions were normal (not shown). Tor signals through oocyte-
erived signaling components. However, removing mater-
al Src42A1 did not cause worse terminal defects in the
resulting animals (not shown).
Src42A Functions in a Ras1-Independent Manner
FIG. 4. Reduction of maternal Src42A activity enhances Tor RTK
signaling in a Ras1-independent manner. (A, E, and G) Wild-type
and (B and F) Src42ASu(Raf)1/Df(2R)nap8 embryos. Zygotic Src42A
mutants of all available alleles showed abnormal heads and tails
(B). These mutants hatched as first-instar larvae without gas-filled
tracheal branches (compare F with E), which were gradually filled
with brownish necrotic materials (not shown). (C and H) Ras12
embryos derived from Ras1Dc40b germ-line clones (GLCs) crossed to
wild-type males, and (D and I) Ras12 embryos derived from
rc42A7-4/1; Ras1Dc40b GLCs crossed to wild-type males. (G, H, and
I) tll expression patterns by in situ hybridization. Posterior tll
xpression is reduced to 5% EL (egg length; 0% is at the posterior
nd) in Ras12 GLC embryos fertilized by either Ras11 or Ras12
sperms (H; Hou et al., 1995). Note that the Ras12 GLC embryos
derived from Src42A7-4/1 females showed increased posterior tll
expression (I) and formation of posterior structures (C; also see
Table 2). Abbreviations used: CS, cephalopharyngeal skeleton; FK,
filzkorper; A7 and A8 are the abdominal segments 7 and 8.
Orientation: (A–F) anterior is up, (G–I) anterior is to the left and
dorsal up.We tested whether Src42A mutations affect tor signaling
n embryos lacking maternal Ras11 product (referred to as
s of reproduction in any form reserved.
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240 Lu and LiRas12 embryos) since the terminal phenotype of Ras1 is
strictly a maternal-effect phenotype (Hou et al., 1995). In
embryos lacking the Tor RTK receptor (tor2 embryos), no tll
s expressed at the posterior embryonic poles. In the Ras12
embryos, posterior tll is reduced from the normal 15% egg
ength (EL; 0% is at the posterior pole) to 5% EL, but is not
bolished (Fig. 4H versus 4G; Hou et al., 1995). This is
ecause Tor can still activate Raf due to the functioning of
Ras1-independent pathway downstream of Tor (Hou et
l., 1995). Consequently, some structures deleted in tor2
embryos, such as the eighth abdominal segment (A8) and
filzko¨rper (FK), developed in 20.3 and 0.4% of Ras12 em-
bryos, respectively (Fig. 4C; Table 2). A higher proportion of
Ras12 embryos developed A8 (52.9%) and FK (12.4%) when
he Ras12 oocytes were laid by females that were also
heterozygous for Src42A7-4 (Fig. 4D; Table 2). Correspond-
ngly, the posterior tll expression domain was expanded
rom 5 to 9% EL (Fig. 4I). Thus even though the lack of
ygotic Src42A activity is not sufficient to increase tll
xpression in an otherwise wild-type background, reduced
aternal Src42A activity led to an increase in tll expression
n embryos lacking Ras1 protein (a Ras1 gene deletion
llele, Ras1Dc40b, was used; Hou et al., 1995). Thus the
reduction of maternal Src42A activity can still enhance Tor
signaling in the absence of Ras1 protein.
DISCUSSION
Understanding Src42A Mutations
We have shown that Su(Raf)1 encodes Src42A. Mutagen-
esis screens led to the isolation of two classes of Src42A
mutations: RafC110 suppressors and those that do not sup-
press the lethality of RafC110 (Table 1). Genetic analyses
TABLE 2
The Effect of Src42A on Tor RTK Signaling
Mosaic female parents
carrying Ras1Dc40bGLC
Male
parents
8 SEG
2 FK
(%)
/1; Ras1Dc40b GLC 1/1 0
1/1; Ras1Dc40b GLC Src42A7-4/1 0
Src42A7-4/1; Ras1Dc40b GLC 1/1 3.3
Src42A7-4/1; Ras1Dc40b GLC Src42A7-4/1 8.9
Note. Mosaic females carrying Ras1Dc40b mutant GLC were induced
etween P(FRT)82B Ras1Dc40b/TM3 or Src42A7-4/CyO; P(FRT)82B Ras1
males were heat shocked at 37°C for 1 h to induce Ras1Dc40b GLCs. The
of the resulting progeny were classified. Abbreviations used: GLC, germ
segments plus two filzko¨rpers; 8 SEG, embryos with eight segments
determined due to segmentation defect (Hou et al., 1995).have shown that both classes of mutations share loss-of-
function characteristics. First, a Src42A cDNA driven by
e
5
Copyright © 1999 by Academic Press. All rightthe polyubiquitin promoter rescues the lethality associated
with both classes of mutations. Second, the zygotic lethal
phenotypes as well as embryonic defects associated with
mitotic clones in the female germ line were similar be-
tween the two classes of alleles. Unfortunately, these
phenotypes were mild and difficult to be correlated directly
with an increase in signaling in many known RTK path-
ways tested. The lack of a more severe phenotype associ-
ated with Src42A mutations coincides with results from
knockout mice studies (Stein et al., 1994). However, in
sensitized genetic backgrounds, one copy of either class of
Src42A allele as well as a 50% reduction of Src42A gene
osage clearly increased the signaling levels in the Tor, Egfr,
nd Sevenless RTK pathways. The differences between
hese two classes of alleles appear to be quantitative rather
han qualitative. Third, expression of wild-type Src42A
DNA from the polyubiquitin promoter ameliorates the
ffects of both the suppressor and the deficiency alleles
oward enhancing the eye phenotype of sev-RasV12. These
esults indicate that the suppressors are not mutations that
ause overexpression of a wild-type activity or constitu-
ively activated activity. Otherwise, more wild-type Src42A
hould further elevate the effect of Src42ASu(Raf)1—which
as not observed. Previous studies have shown that nonre-
eptor tyrosine kinases with SH2 and SH3 domains func-
ion as homodimer molecules (Eck et al., 1994). This would
xplain why point mutations in members of the Src gene
amily often cause a dominant phenotype similar to that of
oss-of-function mutations in the corresponding gene (Levin
t al., 1993). The reason that Src42ASu(Raf)1 and Src42A7-4 are
tronger suppressors than Src42A gene deletion is probably
ecause these alleles produce protein products which inter-
ere with the function of the endogenous Src42A protein
produced from the wild-type copy of the gene), thereby
ercentage of different classes of progeny embryos
EG
FK
)
8 SEG
(%)
7 SEG
(%)
Defective
SEG (%)
Total
numbers
.4 20.3 64 15.3 n 5 645
20.7 63.7 15.6 n 5 344
.1 43.8 31.5 12.3 n 5 276
.8 31.6 32.2 2.5 n 5 202
e FLP–DFS technique (Hou et al., 1995). Briefly, progeny from a cross
M3 females and y w P(hs-FLP)12; P(FRT)82B P(OvoD1)3R-C13X3a31/TM3
aic females were crossed to different males as shown and the cuticles
clone; SEG, segment; FK, filzko¨rper; 8 SEG, 2 FK, embryos with eight
no FK. Defective SEG, the total number of segments could not beP
8 S
1
(%
0
0
9
24
by th
Dc40b/T
mos
-lineffectively reducing overall Src42A function to less than
0% in the heterozygotes.
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241Negative Regulation by Src42AThe Role of Src42A in RTK Signaling
We hypothesize, based on the above analyses, that the
normal function of Src42A is to repress RTK signaling.
When Src42A activity is reduced, RTK signaling is en-
hanced due to a partial alleviation of repression. Takahashi
et al. (1996) have shown that overexpression of a kinase-
inactive Src42A transgene in cells of the R7 equivalence
group caused the formation of supernumerary R7 cells. This
result is consistent with the negative role of Src42A in eye
development. The overexpressed inactive Src42A caused an
enhancement of RTK signaling probably by interfering with
the function of wild-type Src42A or another negative sig-
naling factor. However, Takahashi et al. (1996) showed in
the same paper that overexpression of a constitutively
“activated” Src42A transgene also resulted in the formation
of supernumerary R7 cells. The authors did not offer a
satisfactory explanation of their contradicting results.
Without a biochemical confirmation that the mutationally
activated Src42A transgene indeed had elevated kinase
activity, and without testing the effect of this transgene in
other tissues, Takahashi et al. concluded that Src42A is a
positive regulator of RTK signaling, a claim that lacks a
substantial supporting evidence. In contrast, our genetic
data using multiple Src42A alleles showed consistently that
rc42A negatively regulates signaling in the Tor RTK
athway during embryonic terminal development, in the
gfr RTK pathways during oogenesis and wing-vein forma-
ion, and in the Sev RTK pathway for the development of
7 photoreceptor cells.
How Does Src42A Function?
Following RTK activation, the main stream of signal
transduction flows from Sos to Ras to Raf to MEK to MAPK
(Fig. 5). To determine where Src42A acts in the pathway, we
examined the genetic interactions of Src42ASu(Raf)1 with
nown mutations in the RTK signaling cascade. Our results
howed that one copy of Src42ASu(Raf)1 was able to suppress
the rough-eye phenotype caused by partial loss-of-function
SosX122/SosAM14, RafC110, and Dsor1XS520 (Mek) mutations. In
addition, one copy of Src42ASu(Raf)1 also caused an increase in
7 cell number in rl1 homozygotes, which are partial
loss-of-function mutants for the fly Mapk gene. The R7
photoreceptor cells were increased from an average of 0.14
R7 cells per ommatidium (n 5 1285) in the rl1/rl1 eyes to
0.27 R7 cells per ommatidium (n 5 1265) in the rl1
Src42ASu(Raf)1/rl1 1 eyes although the ommatidial organiza-
tion was not obviously improved (not shown). Conversely,
one copy of Src42ASu(Raf)1 increased the eye roughness and
the number of supernumerary R7 cells caused by expression
of constitutively activated Ras1V12 or Raftor4021 protein in the
ye. These results suggest that the functional status of Ras,
af, Mek, or Mapk protein does not appear to alter the
bility of wild-type Src42A to repress RTK signaling. This
ould favor a model that Src42A defines a branch pathway
arallel to the main Ras/Mapk cascade with a integration
oint downstream of Mapk (Fig. 5). This model is consistent
Copyright © 1999 by Academic Press. All rightith the result that reduction of maternal Src42A activity
an still enhance Tor RTK signaling in the absence of Ras1
rotein.
The manner by which Src42A acts to modulate RTK
ignaling is similar in two ways to another branch pathway
omponent Kinase suppressor of Ras-1 (ksr-1) of C. elegans
Sundaram and Han 1995). First, Src42A does not appear to
ramatically alter RTK-mediated processes when mutated
lone. For example, mitotic clones of Src42ASu(Raf)1 or
Src42A15-1 homozygous cells in the eye did not produce
extra photoreceptor cells (not shown). Second, the negative
role of Src42A is only revealed when the Ras/Mapk cascade
is compromised or hyperactivated. Recently, Therrien et al.
(1998) reported the isolation of Src42A as a suppressor of a
dominant negative form of fly ksr in the eye. In attempts to
understand more about Src42A, we have performed a ge-
FIG. 5. This model outlines the most probable relationship be-
tween the Src42A-mediated pathway and the main pathway from
Ras to Mapk to the best of our knowledge today. Arrows for
activation steps; blunt ends for negative steps. See Discussion for
details.netic screen and have isolated loss-of-function mutations in
Egfr, rl (Mapk), and a new gene, semang, as suppressors of
s of reproduction in any form reserved.
1
T
t
t
o
o
w
s
s
C
m
t
B
B
r
f
f
G
L
L
M
242 Lu and LiSrc42ASu(Raf)1 (Zhang et al., 1998). For example, one copy of
a loss-of-function Egfr mutation can suppress the ability of
Src42ASu(Raf)1 to restore the lethality of RafC110 (Zhang et al.,
998). The results from our genetic screen and that of
herrien et al. (1998) suggest that Src42A possibly works
ogether with other branch pathway modulators such as Ksr
o regulate signal transduction downstream of Egfr and
ther RTKs. If each branch pathway modulator takes over
nly a part of the total regulatory power, it would explain
hy Src42A or ksr-1 shows mild phenotypes when mutated
alone. The phenotypes of Src42A, however, do not overlap
with two other Drosophila Src family members, Src64 and
Tec29, both of which are involved in ring canal develop-
ment during oogenesis (Guarnieri et al., 1998; Roulier et al.,
1998). Src64 does not affect viability when mutated
(Guarnieri et al., 1998). Thus the function of Src42A ap-
pears to be unique in the fly. It is tempting to speculate that
Src42A is activated following the activation of Egfr RTK via
a Ras1-independent mechanism. The signal from the acti-
vated Src42A would then integrate, in a negative fashion,
with that from the main Ras/MAPK pathway to determine
the final readout of an RTK pathway (Fig. 5).
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